neurons that lack synaptotagmins I and II, although it closely related isoforms, are the most abundant synapis much slower than in wild-type neurons (Geppert et totagmins followed by synaptotagmin VII, while the other al., 1994). Similarly, deletion of the synaptotagmin I ortholog in worms and flies causes a severe synaptic phenotype but does not completely paralyse these organ- The synaptotagmin VII proteins observed on immuAmong other proteins, synaptotagmins III-XIII could noblots could correspond to the products of multiple potentially function as the "other" Ca 2ϩ sensors in exosynaptotagmin VII-like genes, or could be generated by cytosis (Li et al., 1995a (Li et al., , 1995b spliced sequences is contained in a single exon (exons 4-8, Figure 2A ). The alternatively spliced sequences exResults hibit no striking characteristics, such as internal repeats or homology to other proteins, but are highly conserved Structure and Alternative Splicing between rat and human (96% identity; Figure 2B ). An of Synaptotagmin VII interesting feature of the alternatively spliced sequences To study synaptotagmin VII protein, we raised antibodis the evolutionarily conserved in-frame stop codon in ies to the synaptotagmin VII N terminus, connecting the second variable exon (exon 5) that was confirmed sequence (between TMR and C 2 A domain), and C 2 A doin multiple independent PCR products and EST clones main. Although all of these antibodies reacted with re-( Figure 2B ). By contrast, although it was suggested that combinant synaptotagmin VII produced in COS cells, alternative splicing of the synaptotagmin VII transcripts the highest affinity and specificity was observed with can delete the TMR (Craxton and Goedert, 1999) , no the connecting-sequence antibodies (data not shown).
such event was observed. The absence of such alternaWe therefore affinity-purified these antibodies and emtive splicing is easily explained by the genomic structure ployed them in immunoblotting experiments with equivsince skipping of the exon that encodes the TMR would alent amounts of proteins from rat tissues ( Figure 1A) . place the subsequent exons out of frame, and thus be Unexpectedly, the synaptotagmin VII antibodies reacted nonproductive ( Figure 2A and data not shown). Furtherin brain with multiple proteins ranging from 45-90 kDa. more, no soluble protein reactive with the synaptotagAt short exposure times, these proteins only detected min VII antibodies was detectable (data not shown). in brain, but longer exposures uncovered low levels of As a result of the alternative splicing, various synaptothe smaller variants also in other tissues. The general tagmin VII mRNAs are synthesized in brain that encode tissue distribution of synaptotagmin VII observed in proteins with a large size range ( Figure 2C ). All of these these immunoblots, with high protein levels only in brain proteins contain the N-terminal TMR with palmitoylated and low levels widely present outside of brain, agrees cysteine residues (von Poser et al., 2000) but differ in well with previous RNA blotting results (Li et al., 1995a) . their C-terminal sequences. One set of proteins is trunHowever, the finding of multiple synaptotagmin VII-reaccated after the TMR and lacks C 2 domains. Other synaptive proteins that span a large size range ( Figure 1A) totagmin VII proteins contain only short connecting sewas unexpected. To test if these bands were in fact quences between the TMR and the C 2 domains (45-115 specific, we immunoprecipitated rat brain synaptotagresidues), while yet another set includes large insert min VII with the affinity-purified connecting-sequence sequences (up to 314 residues). Truncated synaptotagantibodies, and immunoblotted the immunoprecipitates min VII is not detected by our high-affinity antibodies with affinity-purified C 2 A domain antibodies. This experisince these were raised against the sequence of the connecting region corresponding to exon 9 ( Figure 2) ; ment confirmed that all of the 45-90 kDa bands contain thus, we cannot be sure that the mRNAs with the stop purified synaptotagmin VII antibodies and analyzed the staining patterns by light and electron microscopy. Sycodon after the TMR produce stable protein products. The other variants, however, are clearly present in brain naptotagmin VII immunoreactivity was observed in the gray matter throughout the brain ( Figure 3A ). Blockage as revealed by the multiple protein bands detected with the synaptotagmin VII antibodies, with the largest sywith the antigen used to raise the antibody completely abolished synaptotagmin VII staining, suggesting that naptotagmin VII isoforms being longer than any other synaptotagmin ( Figure 1A) . it is specific ( Figure 3B ). In the hippocampus, synaptotagmin VII and the synaptic vesicle protein synaptoporin As a test of the possible significance of the alternative splicing of synaptotagmin VII, we asked if it is random exhibited very similar patterns, suggesting that they are colocalized ( Figures 3C and 3D ). For both proteins, neuor regulated. Immunoblotting of rat brain proteins from different developmental stages revealed that the smallronal cell bodies were spared by immunoreactivity, while mossy fiber synapses in the CA3 region were particularly est synaptotagmin VII variants detected by our antibody-the forms present at low levels outside of strongly labeled (open arrows). Since presynaptic mossy brain-is continuously expressed during postnatal defiber terminals form large synapses onto pyramidal CA3 velopment ( Figure 1B) . The high molecular weight varineurons, this staining pattern is typical for a presynaptic ants of synaptotagmin VII, by contrast, were only obmarker ( Figure 3E ). Enrichment of synaptotagmin VII in served at high levels 2-3 weeks after birth when they presynaptic nerve terminals was also suggested by became the major synaptotagmin VII isoforms in forehigher power views of brainstem neurons that revealed brain. Their time course of expression parallels that of abundant reaction products in the synapses surrounding synaptotagmin I and approximates synapse formation cell bodies ( Figure 3F ). To explore the precise localiza-( Figure 1B ). Analysis of different adult brain regions tion of synaptotagmin VII, we performed immunoelecshowed that each brain region exhibits a distinct profile tron microscopy on hippocampal sections using silver of synaptotagmin VII splice variants ( Figure 1C ). The enhancement of the signal. Consistent with the light most complex pattern with at least six forms of synaptomicroscopy, we observed high concentrations of reactagmin VII was found in rostral brain regions, and the tion product in presynaptic nerve terminals (Figures 4A simplest patterns in caudal brain regions. Together, and 4B). Reaction products were located close to the these results show that synaptotagmin VII differs from presynaptic active zone and did not coincide with synother synaptotagmins in being expressed in a panoply aptic vesicle clusters (see especially the high magnificaof alternatively spliced isoforms whose production is tion views in Figures 4C and 4D ). These data suggest regionally and developmentally regulated.
that synaptotagmin VII are enriched in synapses like synaptotagmins I and II, but different from these is targeted to the plasma membrane at the active zone inLocalization of Synaptotagmin VII at the Synaptic Plasma Membrane stead of synaptic vesicles. To independently confirm the plasma membrane loTo determine the localization of synaptotagmin VII in brain, we reacted mouse brain sections with affinitycalization of synaptotagmin VII, we carried out subcellu- vesicle exocytosis as target Ca 2ϩ sensors. This idea is supported by the observation that synaptotagmin VII is In view of the strong sequence similarity between synaptotagmins I and VII, their differential targeting to syna Ca 2ϩ binding protein (Li et al., 1995a (Li et al., , 1995b Figure 7B ; see also Klenchin et al., short, and long forms of synaptotagmin VII and GFPlabeled full-length synaptotagmin I were expressed in 1998). We then analyzed the effects of micromolar concentrations of the C 2 A and C 2 B domains from various PC12 cells (Figure 6 ). Confocal microscopy showed that all splice variants of synaptotagmin VII were largely synaptotagmins on Ca 2ϩ -dependent secretion of norepinephrine from the permeabilized PC12 cells ( Figure 7C) . found in the plasma membrane. By contrast, GFP-synaptotagmin I was targeted to intracellular structures, most
The C 2 domains were added as GST fusion proteins, with GST alone as a control, isolated by standard procelikely secretory vesicles. Plasma membrane targeting of synaptotagmin VII was also observed when GFP was dures in electrophoretically pure form. Strong inhibition was observed with the C 2 A and the C 2 B domain of synapfused to the N terminus instead of the C terminus, suggesting that the plasma membrane targeting of synaptototagmin VII; each C 2 domain decreased secretion more than 60% at the protein concentration used in the experitagmin VII is independent of the cytoplasmic or extracel- the observed specificity of the synaptotagmin VII C 2 effect was observed: the inhibitory activity of the C 2 A domain was selectively absent at very low Ca 2ϩ concendomains in exocytosis is not due to an artifact, we characterized the inhibitory effects of the C 2 A domain in trations (less than 1 M) in spite of strong inhibition at higher Ca 2ϩ concentrations ( Figure 8D ). In addition to detail. One possibility is that the C 2 A domain of synaptotagmin I is simply less active than the synaptotagmin ruling out the Ca 2ϩ buffer idea, the lack of an effect of the synaptotagmin VII C 2 A domain at low Ca 2ϩ concen-VII C 2 A domain and requires higher protein concentrations. To address this, we titrated Ca Figure 8C) . Interestingly, the opposite domain is required for its inhibitory effect, we prepared In addition, we demonstrate that D225N) interfered with Ca 2ϩ binding (Figures 10B and  10C) . All of the control mutations tested had no apparent synaptotagmin VII is expressed in a multitude of alternatively spliced forms (Figures 1 and 2) . Alternative splicing effect. The third mutation in the presumptive Ca 2ϩ binding site, D227N, even slightly enhanced phospholipid produces truncated variants of synaptotagmin VII without C 2 domains, "regular" short forms, and "extralarge" binding, suggesting that the Ca 2ϩ binding sites in the C 2 A domain of synaptotagmin VII may differ from those synaptotagmin VII in which the C 2 domains are separated from the TMR by more than 400 residues. We of synaptotagmin I ( Figure 10D ). These results show that Ca 2ϩ binding to the C 2 A domain is essential for its also describe that alternative splicing is highly regulated. Various splice products are differentially expressed in dominant-negative effect on Ca 2ϩ -triggered secretion. The localization of synaptotagmin VII on the active and Penner, 1994; Kelly, 1995). Therefore, we tested the function of synaptotagmin VII using PC12 cells as a zone is similar to that of synaptotagmins III and VI that were previously shown to be on the plasma membrane, model system because extensive studies have established the utility of these cells for studying protein funcalthough a precise localization to active zones by immunoelectron microscopy was not possible (Butz et al., Figures 9 and 10) . The inhibitory effect of the synaptotagmin VII C 2 domains was highly specific since the C 2 domains from synaptotagmins I, II, and IV were inactive. The C 2 B domain of synaptotagmin I may have a moderately inhibitory effect (Figure 7C) , as also reported by others (Desai et al., 2000) . However, this effect was largely abolished under our experimental conditions when we "washed" the C 2 B domain with high salt buffers, whereas the same washes did not alter the inhibitory activity of the synaptotagmin VII C 2 domains ( Figure 7D antibody T3288 ϭ GRSRSNPGSWDHVVGQIRNR). Antibodies were initially tested against recombinant synaptotagmin VII produced by transfection in COS cells, and if reactive, were affinity purified on Experimental Procedures the immobilized antigen as described (Butz et al., 1999). All peptide antibodies were weak or nonreactive and recognized other bands cDNA Cloning, PCR Experiments, and DNA in brain and peripheral tissues in addition to synaptotagmin VII, with Sequence Analyses the N-terminal antibody being the best. The C 2 A domain antibodies A rat brain cDNA-library was screened with cDNA probes from synwere of high reactivity but were found to recognize multiple synaptoaptotagmin VII as described (Li et al., 1995a) , leading to the isolation tagmins when screened with various synaptotagmins expressed in of multiple cDNA clones with different combinations of alternatively COS cells (data not shown), while the antibody against the recombispliced inserts. To determine how many different alternatively nant connecting region was completely specific. To test if the multispliced sequences can be variably inserted into the synaptotagmin ple bands in brain reactive with the connecting antibody were in VII mRNA, we employed PCR using primers flanking the alternatively fact synaptotagmin VII isoforms, we used the specific connecting spliced regions (sequences: AGACTCGAGGCGTGGGCGCGGTGA region antibody in immunoprecipitations as described (Butz et al., GAAG, CGCGGTACCGGGCACTGGGGCTGTATTCAC) and double-1998), and immunoblotted the immunoprecipitated proteins with the stranded cDNA from total rat brain (postnatal day 8). PCR products C 2 A domain antibody. Since the first antibody is synaptotagmin VIIwere cloned into pCR2.1-TOPO vector (Invitrogen), and 64 indepenspecific, it does not matter for this experiment that the second also dent clones were sequenced. The alternatively spliced sequences crossreacts with other synaptotagmins. have been submitted to GenBank (accession numbers AF336852-AF336860). All databank analyses were performed using the program suite of the NCBI.
Immunocytochemistry Mice or rats were perfusion-fixed in 0.4% paraformaldehyde or in 0.2% glutaraldehyde, 2% paraformaldehyde in PBS (pH 7.4) for light Vectors GST fusion proteins were produced with pGEX-KG vectors (Guan and electron microscopy, respectively, and continually fixed in the same fixative overnight at 4ЊC. For light microscopy, cryostat sections and Dixon, 1991). The mutants of the synaptotagmin VII C 2 A domain were constructed by site-directed mutagenesis. To construct ex-(5-40 m) from rat and mouse brains were probed with affinity-purified synaptotagmin VII antibodies followed by horseradish peroxidasepression vectors for GFP fusion proteins of synaptotagmins, we first obtained pCMV5-EYFP by blunt ligation of the NcoI-NotI fragment labeled or biotin-labeled secondary antibodies and development of the signal with the StreptABComplex/HRP kit (Dako, Denmark) or of pEYFP-N1 (Clontech) into the HindIII site of pCMV5. Then the stop codons in the synaptotagmin I and VII cDNAs (Li et al., 1995a) by metal enhancement essentially as described (Rosahl et al., 1995). As control for staining specificity, the signal was blocked with the were converted into restriction sites by site-specific mutagenesis, recombinant protein used for antibody production, and preimmune transfection on a Bio-Rad MRC-1024 confocal microscope using a 100ϫ (NA1.3) objective. sera were analyzed. For immunoelectron microscopy, vibratome sections (60 m) were permeabilized in 0.2% Triton X-100 in PBS for 20 min, blocked in 2% normal goat serum and 2% BSA for Ca 2؉ Affinity Measurements Using Phospholipid Binding 30 min, and incubated with affinity-purified anti-synaptotagmin VII Ca 2ϩ affinity measurements using phospholipid binding were carried antibody (1:50 dilution) in 1% normal goat serum, 1% BSA/PBS out with liposomes (30% PS/70% PC) essentially as described (Ferovernight at 4ЊC. After washing with PBS, sections were incubated ná ndez-Chacó n et al., 2001). Liposomes were labeled with trace with anti-rabbit secondary antibody conjugated to 1.4 nm gold partiamounts of tritiated PC and were bound to GST fusion proteins of cles (1:100 dilution; Nanoprobes, Yaphank, NY) for 24 hr, fixed in wild-type and mutant synaptotagmin VII C 2 A domain immobilized 2% glutaraldehyde in PBS for 20 min, thoroughly washed with PBS, on agarose beads, with identical protein concentrations in the rinsed with distilled water, and then finally silver-enhanced with assays. Free Ca 2ϩ concentrations were clamped with Ca 2ϩ /EGTA the HQ silver enhancement kit (Nanoprobes). Sections were then buffers. postfixed in 0.5% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for 30 min, dehydrated through a graded series of ethanol to Miscellaneous Procedures 100%, and embedded in Poly/Bed 812 epoxy resin (Polysciences, SDS-PAGE and immunoblotting were performed using standard Inc., Warrington, PA). Ultrathin sections (60 nm) obtained with a procedures (Laemmli, 1970; Johnston et al., 1989) . Immunoblots Leica Ultracut UCT microtome were stained with 5% uranyl acetate were developed by enhanced chemiluminescence (Amersham). and lead citrate and examined under a JEOL 1200EX transmission electron microscope.
